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I. SUMMARY 


A two-dimensional five bladed cascade of harmonically oscillating airfoils was 
designed to modei a near-tip section from a rotor which was known to have ex- 
perienced supersonic high back pressure bending mode flutter. This five-bladed 
cascade had a solidity of 1,52 and a setting angle of 0.9 rad (51.7°) from 
axial. This report contains the docixnentation of the data obtained during the 
testing, and the correlation of the time unsteady data with an appropriate 
state-of-the-art analysis. A description of the aerodynamic and mechanical 
design of the research hardware is also included. 

The translational mode cascade airfoil was modeled from the 86.3% span section 
of the second stage of the NASA Two-Stage Fan. The cascade was tested over a 
range of static pressure ratios between 1.065 and 1.680;1. These pressure 
ratios approximated the blade element operating conditions of the rotor along 
a constant speed line, which penetrated the torsional flutter boundary. The 
cascade inlet Mach number was 1.320. 

In order to achieve the realistic reduced frequency level of 0.15, and to max- 
imize the airfoil translational amplitude, unique airfoils were fabricated 
from graphite/epoxy composite material, with hollow steel trunnions attached 
at the 50% chord location. Translational excitation forces were imparted to 
tuned spring bars via computer-controlled electromagnetic drivers. These 
spring bars were attached to both of the airfoil's trunnions to ensure a two- 
dimensional mode shape. 

Each test program involved three distinct phases during which the center air- 
foil was replaced with a particular instrumented airfoil. The first or steady- 
state aerodynamic phase utilized a static pressure tap airfoil. This was 
followed by the time variant aerodynamic testing with an airfoil Instrumented 
Kulite dynamic pressure transducers. The third and final phase involved 
studying the regions of flow separation on the airfoil using surface-mounted 
heated film gages. 
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This report cofnpletes the experimental test program for the NASA II transla- 
tion cascade as described under Task II of Contract NAS3-20035. The rest*' ts 
of this program are summarized in the following: 


o Provided fundamental quantitative time variant data at realistic reduced 
frequency levels for cascade being driven in the translational mode 

o Examined effect of cascade loading on unsteady aerodynamic data 

o Provided cascade stability plots over a range of back pressures 

0 Verified usage of DDA's in-house supersonic flutter analysis at low back 
pressures 

o Verified usage of NASA strong in-passage shock unsteady flow code at high 
back pressures 


II. INTRODUCTION 

The advent of the high speed turbofan engine led to the discovery of a new 
type of blading instability— supersonic flutter. This instability Is a self- 
excited vibration of the airfoils, which are operating in a uniform supersonic 
relative inlet flow field. At these high operating speeds a region of super- 
sonic unstalled torsional flutter is encountered in the low back pressure por- 
tion of the compressor map. In addition, a region of supersonic high back 
pressure bending flutter is found in the moderate to high back pressure por- 
tion of the compressor map. To avoid these instabilities during the design 
phase it becomes necessary to calculate the time-variant pressure distribu- 
tions on harmonically oscillating airfoils. The designer can use this infor- 
mation combined with structural damping to accurately predict the flutter 
boundaries. The generally used calculation procedure assumes an Inviscid 
supersonic flow with a subsonic axial component through a differential radial 
height fan stage. This differential fan stage is then developed into a two- 
dimensional rectilinear cascade of zero thickness flat plates executing small 
harmonic oscillations. 

DDA has pioneered the concept of investigating fundamental blade Instability 
mechanisms through the use of computer-controlled, time-variant, supersonic, 
rectilinear cascades to obtain time unsteady pressure data. These data have 
provided j reference for correlation studies using appropriate state-of-the- 
art analyses, and have pointed out necessary refinements to the analyses. 

This program has made use of the aforementioned experience to provide time 
variant cascade aeroelastic data pertaining to supersonic flutter at reduced 
frequencies and aerodynamic loading levels in both the torsional and the 
translational mode of vibration. 
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XU. HARDWARE DESCRIPTION 


CASCADE AIRFOIL DESIGN 

The translational mode cascade airfoil was modeled from a multiple circular 
arc blade element located at 8'i.3X span on the second stage rotor of the NASA 

(D# 

Two-Stage Fan , The reference blade element was modified geometrically 
to account for the lack of radius change and streamline convergence in the two 
dimensional cascade test section. This geometric modification has been pre- 
viously described in the torsional mode final report^^^. The blade element 
section and the resulting cascade airfoil section data comparison is included 
in Table I. The cascade airfoil has a 7.62 cm (3.00 in.) chord and a 7.62 cm 
(3.00 in.) span, and its profile is illustrated in Figure 1. 

The requirement for the translational mode cascade harmonic oscillation was 
such that its reduced frequency value, k (k = wc/2v, where w is the frequency 
of oscillation, C is the airfoil chord, and v is the inlet relative velocity) 
be approximately equal to that exhibited by the subject rotor. The rotor test 
value of reduced frequency was 0.15 during supersonic high back pressure bend- 
ing mode flutter. The requirements of the translational mode drive system was 
that it be capable of producing a two-dimensional rigid body motion, while 
forcing the airfoil at the specified frequency over a range of interblade 
phase angles. The system was also to produce reasonable amplitudes so that 
measurable time unsteady pressure would be created. A composite graphite/ 
epoxy material was selected for airfoil fabrication to meet these require- 
ments. The material features included low inertia, high modulus to density 
(E/p) ratio, and also the capability to embed the appropriate aerodynamic in- 
strumentation into the surface during fabrication, 


♦Numbers are references which are listed at the end of this volume. 
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Table 1. 

Design data comparison between NASA Two-Stage Fan second stage rotor 
blade element and resulting cascade airfoil. 


Velocity Diagram Data 

Rotor Cascade 


Inlet Mach 
Exit Mach 

Inlet Air Angle, rad 
Exit Air Angle, rad 
Diffusion Factor 

APj/Q 

Turning 

Blading 

Inlet Metal Angle, rad 
Exit Metal Angle, rad 
Inflection Angle, rad 
Net Camber, rad 
Forward Camber, rad 
Rear Camber, rad 
Meanline Incidence, rad 
Suction Surface Incidence, rad 
Meanline Deviation, rad 
Setting Angle, rad 
Solidity 
Chord 

Thickness/Chord 
LER/Chord 
TER/Chord 
TMAX/Chord 
Inflection Location 
Min A/A^» 


1.245 

1.245 

0.744 

0.744 

1.023 (58.61°) 

.995 (57.05°) 

.091 (51.06°) 

.928 (53.15°) 

0.465 

0.455 

0.411 

0.411 

.132 (7.55°) 

.068 (3.90°, 

Design Data 

.961 (55.05°) 

.933 (53.44°) 

.778 (44.58°) 

.821 (47.05°) 

.936 (53.63°) 

.933 (53.43°) 

.183 (10.47°) 

.112 (6.39°) 

.025 (1.42°) 

.0001 (0.01°) 

.150 (9.05°) 

.111 (6.38°) 

.056 (3.20°) 

.063 (3.59°) 

.028 (1.60°) 

.029 (1.68°) 

.107 (6.10°) 

.107 (6.10°) 

.899 (51.50°) 

.902 (51.70°) 

1.512 

1.516 

2.10 

3.00 

.0376 

.0376 

.0028 

.0020 

.0028 

.0028 

.602 

.602 

.451 

.451 

1.037 

1.037 
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Figure 1, NASA II translation airfoil profile schematic. 

The airfoils were fabricated from Hercules 3501-AS-5 pre-impregnated graphite 
tape wrapped with an outer layer of Kevlar cloth, and injected with an epoxy 
resin under pressure into a booking mold. The graphite fiber orientation was 
controlled to bext meet stress requirements while maintaining a low density 
and a high modulus of elasticity. The orientations used for fabrication were 
alternating layers of 0 rad, rad and + w/4 rad (0°, 90°, and +45°) 
to the torsional axis of the airfoil. Hollow steel (AMS 5643) trunnions were 
attached to the composite airfoils at mid-chord. Graphite chips and an epoxy 
fill were used in the trunnion caps to provide strength at the airfoil-trunnion 
interface. The splines located on the trunnion were used for mounting and to 
resist torsional displacement. 

In o^der to maintain the composite material properties and airfoil surface 
contour, the use of nonconventional Instrumentation techniques were employed 
during airfoil fabrication. Twenty 0.041 cm (0,016 in.) diameter hypodermic 
tubes with 0.010 cm (0.004 in.) wall thickness were embedded in the steady- 
state airfoil by relieving the laminate during layup. Wiring harnesses to 
accommodate twelve dynamic pressure transducers and ten heated film gages were 
also embedded into their respective airfoils during fabrication. The ends of 
the lead wires were exposed during installation of the respective sensor by 
local spot-facing of the airfoil surface. 
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TRANSLATIONAL MOO£ DRIVE SYSTEM OESIu.Y 


The desired frequency of oscillation for equal values of reduceo frequefx:y be- 
tween the cascade and the rotor was 230 Hz. A translational mode drive system 
incorporating parallel spring bars was tuned to this frequency utilizing the 
ben?h rig shown in Figure 2. The airfoii was positioned with the two flexiole 
spring bars via a "squirrel cage" support, which was attached to splines on 
the airfoil trunnion. The splines ensured torsional restraint with no slip- 
page of airfoil setting angle. The airfoil trunnion splines were positioned 
axially by the driver arm which is piloted and clamped to the trunnion with an 
attached spacer tube. Transiational excitation forces were supplied to each 
trunnion through the driver arms from the comput?" controlled electromagnets. 
The electromagnets were excited at the airfoil drive system natural frequen- 
cy. Strain gages mounted on the spring bars exhibited excellent sensitivity 
to the translational displacement. Five of these blade driver systems were 
then mounted in plexiglas windows for schlieren flow visualization and the en- 
tire assembly in- stalled in the cascade test section. 
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Figure 2. Translational mode drive system bench rig. 


IV. TLbl KACILHY 


The DDA rectilinecir cascade facility shown in Figure 3 was conceived and built 

as a research tool to evaluate the aerodytiamic characteristics of compressor 

and turbine blade sections. The facility is a continuous flow, nonreturn, 

pressure-vacuum type wifid tunnel with tt>e test section evacuated by means of 

two primary steam ejectors. Up to 4.y» kg/s (10 itin/sec) of filtered, dried, 

and temperature-controlled air can be supplied. A more detailed description 

(2) 

of the cascade facility is included in the torsional mode final report . 

Major features of the rectilinear cascade facility include: 

0 Continuous operation for extended time periods 

0 Mechanized test section for rotating a cascade of airfoils with the tun- 
nel in operation 

0 Schlieren optical system for visual observation and p»iotography of the 
cascade in operation 

0 Endwall and sidewall bouiulary layer coritrol systems 

0 Sophisticated instrumentation system centered on laboratory-size digital 
computers 



Figure 3. DOA rectilinear cascade facility. 
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The NASA translation cascade, including the boundary layer control system, is 
shown schematically in Figure 4. The cascade was equipped with adjustable up- 
per and lower exit tailboards, which were porous with a 50X open area. These 
tailboards were open to the exit plenum pressure level. The setting of the 
upper tailboard in conjunction with the application of atmospheric bleed in 
the upper splitter aft cavity was critical in setting the exit periodicity. 

The object was to produce an endwall which simulates the streamline of an in- 
finite cascade at the operating pressure ratio. 


‘ihe wind tunnel facility was equipped with a sophisticated instrumentation 
system centered around laboratory-size digital computers to provide rapid 
on-line data acquisition and reduction. The computer was used for control of 
instrumentation during both steady-state and dynamic testing, data acquisi- 
tion, and data reduction. Peripheral equipment included a CRT terminal, an 
80-column line printer, high-speed punch, high-speed punched-tape reader, X-Y 
digital plotter, magnetic disk storage unit with 2.5 x 10^ word capacity, 
and 16-channel-lOOKHz analog to digital converter. 



CASCADE EXIT 


f 



Figure 4. Schematic of cascade facility with NASA II 
translational cascade installed. 
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V. INSTRUMENTATION AND CALIBRATION 

The instrumentation for this unsteady blade element cascade aerodynamics pry- 
gram was of prime concern. To make the proposed experiments meaningful, it 
was necessary to accurately measure in detail both time-steady and time-un- 
steady cascade flnw parameters. In general, the instrumentation was selected 
to: 

o Define the steady cascade inlet and exit aerodynamics 
0 Establish the airfoil surface steady pressure distributions 
0 Establish the airfoil surface unsteady pressure distributions 
o Define the steady and unsteady shock wave patterns 
o Define regions of flow separation 

This instrumentation is divided into the following two functional areas, with 
some overlap. 

0 Steady-state aerodynamics instrumentation 
0 Unsteady aerodynamics instrumentation 

All instrumentation was designed and distributed in such a manner as to obtain 
meaningful data and minimize aerodynamic interference. Detailed calibrations 
were performed on the instrumentation to assure the attainment of exact quan- 
titative data. 

STEADY-STATE AERODYNAMIC INSTRUMENTATION 

The objective of the steady-state testing was to quantitatively determine the 
details of the cascade steady flow field. The instrumentation was selected to 
accurately determine the cascade inlet and exit pressure, flow angle, and Mach 
number distributions as well as the blade surface static pressure distribu- 
tions. The steady-state instrumentation was concerned with three basic flow 
regions: cascade inlet, cascade exit, and airfoil surface. A discussion of 
each region follows. 
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In the DDA rectilinear cascade facility, the cascade inlet flow field was es- 
tablished by means of a sharp-edged wedge positioned upstream of the cascade 
at the exit of the calibrated 1.3 Mach nozzle. The inlet flow direction was 
determined by the orientation of this wedge with respect to the nozzle exit 
flow field. The wedge boundary layer profile has been established experimen- 
tally and was accounted for in defining the inlet flow direction. Changes of 
the inlet flow field are made by rotating the cascade with respect to the 
fixed nozzle blocks. The inlet Mach number was established by expansion 
(Prandtl-Meyer) of the nozzle flow about the wedge. Using this procedure, the 
inlet flow field was defined employing the following instrumentation tech- 
niques. 

The cascade inlet total temperature and total pressure were defined, based on 
measurements in the facility low velocity stagnation tank. The inlet flow an- 
gle was determined by the orientation of the wedge with respect to the nozzle 
flow, with the wedge boundary layer profile taken into account. The inlet 
Mach number was calculated based on the degree of expansion of the flow. The 
inlet static pressure was based on the isentropic flow relations. Cascade 
sidewall static pressure taps were located immediately upstream of the lead- 
ing edge of each airfoil in the cascade and were used to verify the cascade 
inlet flow field and to quantitatively aid in establishing the cascade steady- 
state periodicity. 

The cascade exit flow field properties were measured by means of a five-port 
conical probe. The probe had been previously calibrated over a range of Mach 
numbers between 0.35 and 1.80 at various angles of attack between jp.26 rad 
(+ 15°). The probe was mounted on a computer-controlled, three-axis traver- 
sing mechanism which was capable of traversing the complete cascade exit flow 
field. The tangential passage length was divided into 5% increments with dis- 
crete data taken at each increment over two complete passages downstream of 
airfoils #2 and #3 (instrumented airfoil). The calibrated probe performance 
permits the determination of flow parameters via measured pressures on the 
probe. A series of exit sidewall static pressure taps were located such as to 
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define the exit static pressure distributions across a minimum of two passages 
and were also located near the mid-passage position of each blade to help es- 
tablish exit periodicity. 

Thu blade surface static pressure distribution was determined during the ca 
cade steady-state testing phase with an airfoil instrufnented with 20 surface 
static pressure taps - ten per surface — as shown schematically in Figure b, 
The chordwise locations are also presented in the figure. Twelve of these 
static taps, six per surface, were at identical locations to those of the 
Kulite dynamic pressure transducers. 


l.e^OlKlc• E.oaK. 



Figure 5. NASA II translation static tap airfoil schematic. 
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TIMf: VARIANT AERODYNAMIC INSTRUMENTATION 


To achieve the program goal of producing fundamental experimental data to off- 
er guidance in the development of analytical models for flutter prediction, 
detailed data had to be acquired and analyzed to establish the relationshif i 
existing between the airfoil motion and that of the surrounding air. The 
time-unsteady blade surface pressure distributions were of particular interest 
as they represented the physical driving force of the flutter phenomena. In 
addition to the unsteady pressure and blade motion measurements, instrumenta- 
tion was also provided to detect such gross aerodynamic instabilities as 
boundary layer separation. In the following discussion, provisions for making 
the necessary unsteady aerodynamic measurements are outlined. 

Kulite Semiconductor Products type XTU-1-19Q-25 thin-line design transducers 
were used to make the dynamic pressure measurements. Experience in the use of 
this type of transducer has been gained in DDA stationary and rotating cascade 
facilities. These high-response pressure transducers were flush mounted on 
the test airfoil at six chordwise locations staggered across the center 509^ of 
the span on e(|sh surface of the airfoil. The distribution of the transdureis 
is shown schematically in Figure 6. A thin, pliable coating of RTV over the 
transducer diaphragm was used to preserve the airfoil surface contour and min- 
imize the aerodynamic disturbances. 

To obtain quantitative data from the dynamic pressure measurements, it was 
necessary to provide not only a static calibration for the pressure transdu- 
cers, but also an acceleration calibration. Both the static and acceleration 
calibrations were conducted with the transducers installed on the airfoil. 

Prior to the actual acceleration calibration, the signal conditioners and as- 
sociated electronics were calibrated at the same frequency level at which the 
test was conducted. The instrumented airfoil was then installed in the trans- 
lational mode bench fixture, and a set of sensitivities relating amplitude to 
strain gage signal level were obtained for the spring bar strain gages. The 
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Figure 6. NASA II translation Kulite dynamic pressure instrumented 

airfoil schematic. 

airfoil and bench rig were then installed in a controlled pressure chamber for 
the transducer calibrations. The Kulites were first calibrated for static 
pressure over a range of pressures between 2.0 and 10.0 psia, which is typical 
of their static operating conditions. The pressure in the vacuum chamber was 
controlled at a prescribed level using a Mensor quartz manometer-controller. 
The resulting Kulite static pressure sensitivities are presented in Table II. 

Upon completion of the Kulite static calibration, the translational mode bench 
rig was tuned to the same frequency level as the blade experienced in cascade 
testing. This was done to ensure that the transducers were calibrated at the 
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Table II. 

NASA II instrumented airfoil Kulite transducer static calibration ssnsitivlty . 




Location 

Sensitivity 

Kulite transducer 

Number 

percent chord 

mv/kPa(mv/psl) 

Pressure surface 

1 

15 

0.645 

(4.45) 


2 

25 

0.644 

(4.44) 


2 

40 

0.683 

(4. /I) 


4 

60 

0.799 

(5.51) 


5 

75 

0.666 

(4.59) 


6 

85 

0.641 

(4.42) 

Suction surface 

1 

15 

0.686 

(4.72) 


2 

25 

0.718 

(4.95) 


2 

40 

0.648 

(4.47) 


4 

60 

0.580 

(4.00) 


5 

75 

0.576 

(3.97) 


6 

85 

0.658 

(4,54) 


same level of frequency and airfoil mode shape as it experienced in the cas- 


cade. The vacuum signals are then directly relatable to acceleration effects 
of the RTV/diaphragm or any strain related phenomena resulting from airfoil/ 
transducer deformation. The Kulite signals were analyzed over a range of air- 
foil amplitudes corresponding to those encountered in testing. By knowing the 
translational displacement, that portion of the total signal due to accelera- 
tion/deformation was removed directly by simple vector subtraction. 

As described in the Test Procedure, the time-dependent aerodynamic data was 
referenced to airfoil motion as determined from strain gage measurements. 
Blade-to-blade motion was also determined in this manner. Multiple use of 
strain gages provided for redundancy and the ability to check out the driver 
system operation. The strain gages were dynamically calibrated for blade 
motion using the following technique. The bench rig was assembled with a 
given blade, and its associated spring bar pair was instrumented with strain 
gages. This system was then tuned to the desired natural frequency. The com- 
puter was used to digitize and analyze the strain gage signals, printing out 
the peak voltage produced at each gage by the blade oscillations. The blade 
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anplitude was then determined using a vernier height-gage. The displacements 
were plotted against voltage to yield the gage factors for each strain gage. 

Regions of flow separation were identified using surface-type heated film 
gages in conjunction with flow visualization techniques. Ten film gages were 
mounted at the locations shown in Figure 7. These gages were placed near mid- 
span in a staggered configuration to prevent aerodynamic interference with one 
another. The chordwise locations for these gages correspond to the chordwise 
locations of the first five Kulite pressure transducers. Film gage calibra- 
tion was accomplished by installing the static tap instrumented airfoil in a 
low speed wind tunnel and mapping out the chordwise progression of the sepa’^a- 
tion zone with increased incidence. This was accomplished by injecting a?,co- 
hol back through the static pressure taps and observing its flow direct! jn, 

Once this mapping procedure was finished the heated film airfoil was installed 
in the tunnel and the procedure repeated. The resulting ac and dc voltage 
levels of the heated film gage were recorded. For this instrumentation the 
voltage level is an indicator of the level of wall shear stress. The dc com- 
ponent is related to the mean level of wall shear stress and the fluctuating 
component is related to the fluctuations in the shear stress level. By assum- 
ing that a fully developed turbulent boundary layer exists, the following 
emperical relationship can be developed for the wall shear stress intensity 
parameter : 

'w 

where ~ = shear stress intensity parameter, E = dc voltage, E' s ac voltage, 

* tI 

and Eq = zero flow voltage. 

Flow visualization was used to aid in the evaluation of the unsteady aerodyna- 
mic data obtained throughout the test. Time-dependent schlieren flow visuali- 
zation of the unsteady aerodynamic cascade phenomena was obtained with a high- 
speed movie camera. 
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Figure 7, NASA II translation heated film gage airfoil schematic. 
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VI. EXPERIMENTAL TEST PRXEDURE 


The translational mode cascade test procedures were designed to obtain valiu 
two-dimension<iil steady and time-variant data and were based on the invaluable 
experience acquired by DOA in approximately seven years of time-unsteady ex- 
periments and ten years of steady flow supersonic cascade investigations. 

Three phases of test effort were performed for the cascade; 

0 Steady state cascade investigation 
0 Unsteady cascade investigation 
0 Flow separation study 

A description of these three phases follows; 

STEADY STATE AERODYNAMIC INVESTIGATION 

The objectives of the steady cascade testing were to establish a periodic 
steady-state cascade flow field and to obtain a complete definition of the 
cascade steady-state performance and the blade surface pressure distribu- 
tions. The airfoil cascade was installed in the supersonic cascade facility 
with the airfoils in a fixed mode. The center airfoil in the cascade was in- 
strumented with 20 static pressure taps as defined in the instrumentation 
plans. 

Casrade periodicity was established, based on the leading edge sidewall static 
pressure tap measurements, the cone probe exit survey over the center two air- 
foil passages, and the schlieren flow visualization of the cascade operation. 
With the periodicl'ty established, the steady performance of the cascade was 
measured at four specified steady operating points. These steady operating 
points were selected to best meet the test objectives of thoroughly defining 
the aerodynamic characteristics through the flutter boundary while maintaining 
a realistic distribution of cascade exit Mach number. 
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TIME VARIANT AERODYNAMIC INVESTIGATION 


Upon completion of the steady cascade investigation for each task, tha static 
tap instrumented airfoil (the center airfoil in the cascade) was replaced with 
the one Instrumented with 12 flush-mounted Kulite pressure transducers. At 
each of the steady c^erating points, the cascade periodicity was reestablished, 
The airfoil drive systems were then made operational, and the unsteady cascade 
Investigation initiated. Six interblade phase angle values were investigated 
for each steady point. For each of the unsteady data points, the motion of 
each airfoil in the cascade was measured, and once an interblade phase was es- 
tablished, the pressure signals were recorded on magnetic tape along with the 
reference strain gage signal. These taped pressure signals were analyzed as 
detailed in Data Reduction/Correlation section, 

FLOW SEPARATION INVESTIGATION 

The flow separation study followed the completion of the steady and unsteady 
cascade investigation. This involved replacing the Kulite airfoil in the cas-' 
cade with the previously described heated film gage instrumented airfoil. The 
four other airfoils in the cascade were untouched. 

With the airfoils in a stationary mode, steady operating conditions were es- 
tablished at the two unsteady operating points wherein the aerodynamic work 
per cycle had a maximum and a minimum value, determined from the previously 
described unsteady cascade data. At these operating points the heated-film 
gage signals and strain gage signals were recorded and qualitatively analyzed 
to determine any relationships between ihe boundary layer behavior and the 
blade motion. 
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VII. DATA REOUCTION/CORRELATION 




Described herein are sunviiaries of the data reduction procedures and data pre- 
sentations for both the time steady and the time unsteady data, A brief dis- 
cussion of the theoretical technique used for correlation purposes is also in- 
cluded. 

STEADY-STATE AERODYNAMIC DATA 

The steady state data reduction procedures which are incorporated in the DOA 
wind tunnel on-line instrumentation system were used to analyze data from the 
translational mode compressor cascade. The supersonic wind tunnel on-line in- 
strumentation system yielded thirteen pages of computer print-out describing 
the cascade steady performance for each test condition. Identification of the 
first stage print out is shown in Figure 8. On this page of the print-out 
following the title lines, four entries appear which describe the test point 
operating conditions; cascade inlet Mach number, cascade ideal static pressure 
ratio, the cascade blade behind which the conical probe data was taken, and 
the conical probe axial location downstream of the blade row. 
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Figure 8. Computer print-out identification—Scanivalve pressure data. 


20 














The second entry on the first page of print-out presents a listing of the 
pressures measured on the four Scanivalves. The first seven ports of each 
Scanivalve asce used for reference calibration pressures with alternate ports 
thereafter connected to a vacuum source to eliminate transducer hysteresis and 
minimize pneumatic settling time. From these pressures, the cascade perform- 
ance is determined. 

The last entry on the first page of the print-out presents miscellaneous test 
section data including the conical probe position in the exit flow field, test 
section angular position, and the wind tunnel total temperature. 

The first entry on the second page of the print-out presents the nozzle exit 
flow field properties. 

The second entry on the second page is the wedge and blade inlet flow parame- 
ters determined from the sidewall static pressure taps located in the sidewall 
ahead of the wedge and each blade. 

The last entry on tlie second page describes the flow properties across the 
sharp leading edge wedge which is used to expand or compress the nozzle exit 
flow -to establish the cascade inlet Mach number and flow direction. 

The first entry on the third page of the print-out consists of two lines de- 
scribing the cascade physical design parameters. 

The last entry on the third page describes the cascade inlet flow field condi- 
tions. Identification of the cascade inlet parameters is presented in Figure 

9. 

The entry on the fourth page of the computer print-out as identified in Figure 
10 is the cascade ideal performance based on sidewall static pressures. In- 
cluded is a listing of the pressures presented on the first page of the 
print-out for the sidewall static pressure taps. From these pressures, a mean 
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Figure 9. Computer print-out identification - cascade inlet conditions. 
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Figure 10. Computer print-out identification - cascade ideal performance, 
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exit static pressure and RMS deviation are calculated along with the same par- 
ameters for the mid-passage static pressure taps. The cascade ideal exit Mach 
number and ideal static pressure ratio are determined fro(n the mean exit 
static pressure. 

The fifth page of the computer print-out describes the instrumented blade par- 
ameters. The first entry presents the surface static pressure distribution on 
the airfoil along with associated columns describing local performance charac- 
teristics and static tap locations in terms of percent chord. Figure 11 pro- 
vides identification of the entries on the fifth page. 
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Figure 11, Computer print-out identification - instrumented blade parameters. 


23 


















The local cascade exit performance was determined by utilizing a conical probe 
to measure Mach number, flow angle, and total pressure at twenty discrete 
points across one passage of the cascade. The probe was positioned uc the 
center of cascade passage number 2 and measurements taken in five percent 
steps to the center of passage number 4 (data obtained behind blade number 
3). The sixth through eleventh pages of the computer print-out present the 
local exit performance characteristics of the cascade. Figure 12 provides the 
identification for the parameters presented on these pages. 

The cascade exit flow field properties are determined by mass-averaging and 
mixing to an uniform flow the local exit parameters. Identification of the 
exit flow field parameters on the twelth page of the computer print-out is 
present- ed in Figure 13. 
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Figure 12. Computer print-out identification - local cascade exit 

performance. 
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Figure 13. Computer print-out identification = mass averaged and mixed 

exit conditions. 


The cascade overall performance characteristics relating the inlet and exit 
properties are presented on the thirteenth page of the computer print-out and 
are identified in Figure lA, 

A sample of the computer print outs for a typical data set is included in Ap- 
pendix A. 

TIME VARIANT AERODYNAMIC DATA 

The fundamental time-unsteady data of interest is the complex airfoil surface 
chordwise pressure distribution,. This data, together with the airfoil ntotion 
data, determines the aerodynamic stability. The unsteady force (lift) and 
moment on the airfoil are calculated from this pressure and airfoil motion 
data. 
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Figure 14. Computer print-out identification overall performance. 


The instrumentation used to acquire the unsteady data included the following. 

0 Strain Gages - Two per airfoil with one on either side of the tunnel. 

0 Kulite Pressure Transducers - Six flush-mounted per surface on the center 
airfoil of the cascade (a total of twelve transducers on blade 3). 

0 Heated Film Gages - Five surface-mounted per surface (a total of ten) on 
the center airfoil of the cascade. 

The heated film gages were used to qualitatively examine the transition and 
flow separation phenomena on the airfoil surfaces for the conditions where the 
measured unsteady work per cycle attains its maximum and minimum values. The 
dynamic characteristic of each heated film gage at a particular operating 
point were determined from the taped oscilloscope traces of the blade motion 
as defined by the signals from the strain gage and the particular heated film 
gage. In addition, for the conditions of maximum and minimum unsteady work 
per cycle, high speed schlieren movies were taken. 
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The strain gage and pressure transducer data was acquired simultaneously. The 
on-line analysis was performed on the strain gage signals concurrent with the 
magnetic tape recording of the signals from the instrumented blade's strain 
gage and pressure transducers. The on-line analysis involved ten channels of 
strain gage data; two per airfoil. The twelve surface dynamic pressure sig 
nals, six fron) the pressure surface and six from the suction surface, along 
with the reference strain gage signal from the instrumented blade were taped 
for each data point. 

In this investigation an analog-to-digital converter having a rate of 1CX),(X)0 
points per second was used. Data, either real time or taped, was digitized 
and stored on a magnetic disc for evaluation. An "n" cycle data averaging 
technique was adapted early in the test program to eliminate background noise 
from the unsteady pressure signal. This technique is currently used at DOA to 
reduce data from a low speed, single-stage compressor facility. The data is 
sampled at a preset time, triggered by a square wave pulse supplied by the 
airfoil drive system computer. The analog-to-digital converter is triggered 
by the positive voltage at the leading edge of the pulse, initiating the ac- 
quisition of the unsteady pressure data. The data can be sampled for "m" en- 
sembles and ”n" cycles and an average data set obtained. The results of this 
technique can best be presented with the aid of Figure 15, which represents 
the output signal of the first pressure surface pressure transducer obtained 
when 100 ensembles of 5 cycles were averaged. 

The data analysis comprised the following three techniques: 

0 Amplitude calculation 

0 Frequency calculation 

0 Phase calculation 

In the amplitude calculation, a second order least square fit of the data on 
the positive and negative sides of the time axis was made for each half cycle 
of motion. The signal amplitude becomes the average of the positive peaks 
minus the average of the negative peaks. 
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Figure 15. ”N” - cycle averaging technique results for first pressure surface 

Kulite signal. 

The frequency of the time-dependent digital data was determined through the 
autocorrelation function. This function describes the dependence on the 
values of the data at one time, on the values at another time, 

The lag time, AT, is inversely proportional to the rate at which the data are 
digitized. An autocorrelogram of the digitized data exhibits the features of 
a sine wave plus random noise. A second order least square fit function was 
fit to the data depicting the second positive peak of the autocorrelogram. 

The inverse of the time at which this least square function is a maximum is 
equal to the frequency, f, of the time-dependent data. Additionally, the fre- 
quency is known from the computer commanded input and an on-line, electronic 
counter. 

The phase difference between the time-variant digitized signals was calculated 
through the cross-correlation function. This function, for two sets of data, 
X^, describes the dependence of the values of one set of data on the 
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other. As in the frequency calculation, a second order least square curve was 
fit to the data in the nearest to zero time positive peak of the cross-cor- 
relogram. The time, tp, at which this least square function is a maximum 
was analytically determined. The phase difference, in degrees, was calculated 
as 

e „ s t f 360 
P P 

where f is the frequency calculated for the airfoil motion from the strain 
gage data. 

The reference signal for all of the phase angle determinations was a strain 
gage signal from the instrumented airfoil. This signal was common in both the 
on- and the off-line data acquisition. 

Figures 16 through 22 present the on-line and off-line unsteady data formats. 

A summary chart listing the steady aerodynamic operating characteristics of 
the cascade together with the desired frequency, interblade phase angle, 
reduced frequency, and multiplexer rate, was printed on the first page, as 
indicated in Figure 16. 
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Figure 16. Unsteady data output format page 1. 












The next pages, indicated in Figures 17 and 18, present the cyclic summaries 
of the positive and negative peaks of the signals, respectively. 
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Figure 17. Unsteady data output format page 2 
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Figure 18. Unsteady data output format page 3. 
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The auto and cross-correlation results are presented on the following pages, 
as indicated in Figures 19 and 20. 


Nufflbtr of Channel ■ 


Nuflibar of Point* 


Nuftibar of Lag* 


Lag Tima (MSe*) 


Channel No. 


Period 


Frequency 


Avarag* Fraquancy 


Max i mum 

Fraquancy Olffaranca 
In Mrcant 


TE-84M 


Figure 19. Unsteady data output format page 4. 
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Figure 20. Unsteady data output format page 5. 

Figure 21 shows a summary of the dynamic pressure transducer data. Included 
herein are the raw values of phase (after electronic calibration) and unsteady 
pressure, as well as the corresponding values after correction for 
acceleration effects. 
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Figure 21. Unsteady data output format page 6. 

Figure 22 depicts the last page of the time variant data set. This includes 
the airfoil surface unsteady pressure distributions, as well as the resultant 
real and imaginary parts of the lift and moment coefficients. 

A sample of the aforementioned data sheets for a typical data set is included 
in Appendix 0. 
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Figure 22. Unsteady data output format page 7, 


The time-variant aerodynamic data are correlated against the DDA in-house de- 
veloped method for a supersonic cascade utilizing a finite-difference/pres- 
sure-amplitude-function technique. This technique was further modified^^^ 
to allow for variable blade-to-blade amplitudes of harmonic oscillation. The 
flow model is inviscid and assumes an operating pressure ratio of unity. The 
airfoils are assumed to be zero camber, zero thickness, flat plates. The 

theoretical results obtained from this numerical method have been compared to 

(4) (5) 

the published results of Garrick and Rubinow , Chalkley , Verdon and 

McCune^^^ and Platzer and Brix^^^ in the Ph. D. Thesis of John Caruthers 

( 8 ) 

at Georgia Institute of Technology . All of the torsional mode cascade 
time-variant data was correlated against the analysis. 
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VIII. RESULTS AMO DISCUSSION 


The steady stat aerodynamics computer print-outs for the translational mode 
cascade tests are included in the Supplement to Volume II, and a sampae is in- 
cluded in Appendix A. The time variant aerodynamics computer print outs are 
also included in the Supplement to Volume II and a sample is included in Ap- 
pendix B. Included herein are the associated data plots and schlieren photo- 
graphs for each cascade operating point. 

The overall steady state performance results are summarized in Table III. 

Table III. Translational Mode Cascade Steady-State 
Performance Summary 



Far Away 
from 
Flutter 

Near 

Boundary 

Outside 

Near 

Boundary 

Inside 

Deep into 
Flutter 

Inlet Mach Number 

1.32 

1.32 

1.32 

1.32 

Mass Averaged Static 
Pressure Ratio 

1.065 

1.304 

1.475 

1.680 

Mass Averaged Exit 
Mach Number 

1.229 

1.063 

0.950 

0.850 

Mass Averaged Exit 
Air Angle, rad 

0.95 
(54. 7 O) 

0.94 

(53.7°) 

0.90 

(51.3°) 

0.89 

(50.8°) 

Mass Averaged Total 
Pressure Loss, 

0.090 

,099 

.115 

.084 


Dimensionless 

The translation cascade steady state flow field is described by the schlieren 
photographs included in Figures 23 through 26. These schlierens correspond to 
cascade mass averaged pressure ratios of 1.065, 1.30A, 1.475 and 1.680:1 re- 
spectively. Because of the high solidity level of the cascade, the mounting 
hardware obscures a significant portion of the field of view. As the cascade 
is back-pressured tne shock system moves up into the airfoil passage, until at 
the 1.68:1 condition the passage starts to become subcritical. 


34 



Figure 25. NASA II translation cascade schlieren at i.A75:l 
mass average pressure ratio 
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Figure 26. NASA II translation cascade schlieren at 1.680:1 
mass average pressure ratio 

Cascade periodicity is a measure of the uniformity of the biade-to-Diade flow. 
Figures 27 through 30 are the translational mode cascade inlet and exit peri- 
odicity plots based on sidewall static pressure measurements normalized to the 
inlet total pressure. As can be seen from these plots the cascade periodicity 
was excellent for the four steady state operating points. A possible excep- 
tion to this might be the iOOX exit location static pressure for the 1.304:1 
pressure ratio, which is plotted as an open symbol. However, this localized 
static pressure decrease was hot evident at the 140X location which is plotted 
as a solid symbol. 
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Figure 27. Translation cascade sidewall static periodicity 
plots at 1.065 pressure ratio 
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Figure 20. Translaticxi cascade sidewall static periodicity 
plots at 1.304:1 pressure ratio 
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Figure 29. Translation cascade sidewall static periodicity 
plots at 1.475:1 pressure ratio 
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Figure 30. Translation cascade sidewall static periodicity 
plots at 1.600:1 pressure ratio 

The uniformity of the exit flow field is further qualified by the cascade exit 
wake surveys presented in Figures 31 through 34. These data result from the 
cone probe survey downstream of the second and third (instrumented) cascade 
airfoils. The measured local value of total pressure is normalized to the 
cascade inlet total pressure. 
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Figure 31. Translation cascade exit survey at 1.065:1 
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Figure 3A. Translation cascade exit survey at R = 1.680:1 

Figures 35 through 38 are the static tap instrumented airfoil surface pressure 
distributions normalized to the inlet total pi-essure. These data plots corre- 
spond to static pressure ratios of 1.065, 1.30A, 1.A75 and 1.680:1 repsec- 
tively. The instrumented airfoils' pressure surface 5 percent chord location 
static tap was inopearatiye during part of the testing. The data plotted as 
an open symbol at this location was obtained from combined analytical results 
and earlier test data. 
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Figure 35. Translation cascade instrumented airfoil static 
pressure distribution at 1.065:1 
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Figure 36. Translation cascade instrumented airfoil static 
pressure distribution at 1.304:1 
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Figure 37. Translation cascade instrumented airfoil static 
pressure distribution at 1.475:1 
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Figure 38. Translation cascade instrumented airfoil static 
pressure distribution at 1.660:1 

An alcohol injection tchnique was used to identify regions of flow separation. 
This involves injecting alcohol back through the static pressure taps on the 
instrumented airfoil. The only region of flow separation evident during the 
testing was located on the suction surface near the trailing edge. This con- 
dition was observed over a range of static pressure ratios between 1.35 - 
1.68:1. The action of the fluid was not nearly as violent as that observed 
during the baseline torsional mode cascade. 

After completion of the steady-state testing, the static tap airfoil was re- 
moved and the Kulite instrumented airfoil was installed. The time variant 
aerodynamic computer output data sheets for the translation mode cascades are 
included in the supplement and a sample data set is included in Appendix B. 
This includes the print-out of the raw and corrected data. Plots of the 
chordwise variation of the measured surface unsteady pressure and the corre- 
sponding phase lag are included in Appendix C. These data plots also include 
the correlation with the aforementioned variable amplitude analysis. All 
pressure surface data is plotted as a solid symbol and the corresponding vari- 
able amplitude theory is represented by a solid line. All suction surface 
data is plotted as an open symbol and the theory is a dashed line. 
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At each steady state cascade operating point a total of six interblade phase 
angles between -t-3.14 rad (4-180°) and -3.14 rad (-180°) were tested. A 
tabulation of the test phase angles along with other pertinent operi.uional 
characteristics are included in Table IV. The first column in the figure is 
the average test interblade phase angle to the nearest 0.09 rad (5.°). 

Positive phase angles means that the first airfoil, leads the second airfoil, 
leads the third airfoil, etc., and is equivalent to a backward traveling wave. 
The static pressure ratios in the table are cascade mass averaged values. 

Table IV. 

Translation mode cascade time variant testing results summary. 
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The individual phase angles (^x-2»^2-3»^ 3-4’ tabulated are 

the measured blade-to-blade test values. The mean phase tabulation includes 
the mean of the four Individual phases and the deviation from *‘nis mtnn. 

The blade amplitude tabulation includes the Instrumented (third) airfoil zero- 
to-peak amplitude (S^)i and the amplitudes of airfoils 1| 2, 4 and 5 as 
normalized to the instrumented airfoil. Test frequencies are tabulated with 
their respective reduced frequency value (k). 


Figures 39 through 42 are plots of the chordwise variation of the unsteady 
pressures and their corresponding phase lags at the low (1.065:1) static pres- 
sure ratio and a 0.0 rad interblade phase angle. These data are correlated 
against the DDA unsteady supersonic cascade flow analysis for both the con- 
stant and the variable airfoil amplitude results. 
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Figure 39. Translation cascade pressure surface phase lag distribution 
at 1.065:1 and 0.0 rad interblade phade angle 
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Figure 40, Translation cascade pressure surface unsteady pressure 
distribution at 1.065:1 and 0.0 rad interblade system angle 
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Figure 41. Translation cascade suction surface phase lag distribution 
at 1.065:1 and 0.0 rad interblade phase angle 
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Figure 42. Translation cascade suction surface unsteady pressure 
distribution at 1.065:1 and 0.0 rad interblade phase angle 


As can be seen from Figure 39 the pressure surface chordwise phase lag data/ 
theory correlation is excellent. The corresponding pressure surface unsteady 
pressure level is presented in Figure 40. This correlation is also excellent, 
with the exception of the leading edge region where the 15 percent transducer 
indicates a higher level of unsteady pressure. 


The suction surface phase lag data as presented in Figure 41 is in good agree- 
ment with theory, except near the 40 percent chord location. At this location 
the measured phase lag was significantly lower than the theory predicted. This 
trend was noticed at other cascade pressure ratios and interblade phase angles . 
The suction surface unsteady pressure level data/theory correlation is shown 
in Figure 42 and in general exhibits excellent agreement. The measured pres- 
sure level at the 25 percent chord location was however significantly higher 
than theory. 
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Figures 43 through 46 are plots of trte chordwise variation In the unsteady 
pressures and phase lags at the highest (1.68:1) static pressure ratio and 0.0 
rad interblade phase angle. These data are correlated against the OOA var* • 
able amplitude analysis and a NASA strong in-passage shock unsteady flow 

(9) 

code . The cascade shock system at the 1.68:1 pressure ratio was such 
that the inlet wave was nearly normal in the passage. These flow conditions 
are more closely modeled by the NASA strong shock code. As can be seeii from 
the data/theory correlation, the NASA code more accurately predicts the phase 
lag levels on both the pressure and the suction surface of the airfoil. How- 
ever, the measured level of the unsteady pressure is higher than the clIcu- 
lated values over both surfaces. 


L 




Translation cascade pressure surface phase lag distribution 
at 1.68:1 and 0.0 rad interblade phase angle 


Figure 4 


The appropriate unsteady lift and moment coefficients were calculated from the 
measured blade amplitude and the unsteady pressure coefficient and its phase 
relative to the blade motion. A linear interpolation was assumed between 
Kulite locations. The leading edge and trailing edge values were obtained by 
extrapolating the 13it and 83% chord data. 
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Figure kk. Translation cascade pressure surface unsteady pressure 
dlstrlPutlon at 1.68:1 and 0.0 rad interPlade phase angle 



Figure 5. Translation cascade suction surface ph.ase lag 
distriuuticn at 1.68:1 and 0.0 rad interolade phase lag 


46 







Figure 46. Translation cascade suction surface unsteady pressure 
distribution at 1.68:1 and 0.0 rad Interblade phase angle 

The unsteady lift coefficient coriponents were obtained by direct Integration 
of the resulting real and imaginary distributions. The unsteady moment coef- 
ficient was obtained by applying the appropriate moement arm to the data. 

The cascade stability is related to the imaginary part of the unsteady lift 
coefficient (CL^). As this value increases into the positive regime the 
airfoil damping becomes insufficient and the airstream imparts energy into the 
airfoil resulting in an aeroeiastic instability. Figures 47 through 50 are 
the stability plots obtained at the four static pressure ratios over the range 
of interblade phase angles tested. Each data plot has the variable amplitude 
theory line for comparative purposes. 

As can oe seen from Figure 47, the 0.0 rad phase angle data point was unstable 
at the low pressure ratio of 1.065:1. This is in disagreement with the flut- 
ter map. However, it is felt that this stability was influenced by tfie high 
amplitude of the second cascade airfoil, which was almost twice that of the 
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Figure 47. Translation cascade stability curve at 1.063:1 

static pressure ratio 
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Figure 48. Translation cascade stability curve at 2.304:1 

static pressure ratio 
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Figure 50. Translation cascade stabiUty curve at 1.680:1 

static pressure ratio 
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Instrumented airfoil This is substantiated by the theo- 

retical results, in that an increase in amplitude on the secotxi airfoil from a 
constant value causes the cascade to go unstable. The data 

at this low pressure ratio shows excellent agreement with the variable ampli- 
tude theory results. 

At the l.X)A:l pressure ratio the cascade was stable as shown in Figure 48, 
which is in agreement with the rotor flutter map. At the two higher pressure 
ratios of 1.475 and 1.68:1 the cascade was unstable for negative phase angles 
near zero. This is in agreement with the flutter map. The highest level of 
instability occurred at a -0.79 rad (-45°) phase angle and 1.68:1 static 
pressure ratio. 

After completion of the unsteady pressure measurements the Kulite instrumented 
airfoil was replaced with the heated film gage Instrumented airfoil. Based on 
the results of the previously discussed stability plots, two data points were 
selected for the flow separation studies. These data points, which correspond 
to the maximum and minimum values of unsteady work, were at the 1.68:1 static 
pressure ratio and at interblade phase angles of -0.79 rad (-45°) and 3.14 
rad (180°) respectively. These data points are represented graphically in 
Figure 50. 

Tr»e measured chordwise distribution of the shear stress intensity parameter is 
presented in Figures 51 atid 52. The separation level of shear stress as deter- 
mined from earlier calibration data is also shown in these figures. The pres- 
sure surface shear stress intensity is presented in Figure 51, and the flow is 
attached at the five gage locations. 

The suction surface shear stress Intensity is presented in Figure 52. A re- 
gion of separated flow is indicated on the suction surface between 25 and 60 
percent of airfoil chord. This separated region is more extensive than that 
indicated by the alcohol injection flow visualization tests. During the alco- 
hol Injection tests the separated region was only observed near the airfoils 
trailing edge region. This separated region on the suction surface may explain 
the data/theory variations indicated at the 25 and 40 percent chord locations. 
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Figure 5i. Translation cascade pressure surface chordwise distribution 

of shear stress intensity parameter 



Figure 52. Translation cascade suction surface chordwise distribution 
of shear stress intensity parameter 
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The heated film gage output signals were analyzed for driving frequency con- 
tent at the conditions of maximum and minimum unsteady work. As with the tor- 

( 2 ) 

sional mode cascade tests , no significant signal variation was found at 
the driving frequency. The results from the high speed schlieren movies were 
masked by the close spacing on the translational mode drive hardware making it 
impossible to see any shock and/or boundary layer movement associated with the 
airfoil movement. 
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APPENDIX A 

Sample of Steady State Aerodynamics Computer Print Out 
Refer to Section VII for item identification and explanation of meanings. 
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fPSlrt] 

fPSI A] 


ip)?/p) n 

5.?/ 3 

.trtk 5.F3? .iHf’ 

1 .3 47 

,qf?4 
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PAGf- 1? 


SiPEPjnMR Crf-Ek^sstik tASCAOfc 
k>ASA IPAKSUATIIK CASCAng 


lASTHUkFNTfcr HUf'E f* Al' Af. p.TFPg 



FHhSSl Hf- 

$>.CT1CK 

l*P5/91 

LPS/Ll 

FS/Ptl 1 

ftft/Fn 1 

PgPCFNT 


giJIfk AC’F 

SiihF alp 





CPfiHn 


(PS) 

fS$) 

(PSl 

fSS) 



(PS) 

1 1 

k. dkt» 

4 . « 1 k 

. 14h 


.415 

,339 

5. 

13 

n , j 

4,hp4 

,174 

-,0P« 

,4?ft 

.314 

I5.t4i- 

15 

9, 4?P 

ft , P 6 ft 

,144 

-,P5F 

.413 

,3?5 


1/ 

5.945 

ft.Pi'l 

,P7t 


#3ft? 

.334 

8 5, '47 

1 P 

5.SPI 

4. HP? 

,^?7 

-,^HP 

.355 

,314 

33,44 

PI 

4 . P 1 4 

4 . 1 ft P 

-,499 

-,19ft 

,3t*9 

,2ft« 

4P. Ife 

P3 

4,43 V 

4,457 

-. 1 ftk 

-.159 

,?F4 

.PP6 

4B.1P 

?5 

3.714 

4,943 

-,Pft4 

-,K7 9 

.P3F 

.317 

ft.v ,?4 

77 

3.P3 9 

ft. 7 4 b 

-. Pvlft 

.^41 

,?Fa 

.359 

75.37 

?A 

n , 9 pH 

4 , «Sb 

, *7? 

«. i&g 

.3F5 

.Pflft 

85.43 


ftc 

ft C ) X 

ftn Y 

f A)ft 

cm 

ri) l 

POLE 

, M ? 

. !' .1 K 

,HPf. 

1.943 

-.M’fXft 

,^F.Q 

- ,1X44 
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PFftCFKT 

CFHWn 

fgSI 


4.99 

?b.?i 

aa.vit^ 

AP.t'l 

1? 

75,53 

F5 ,5k 

«F,76 


CFUfc 





PA 0 F 1 ? 


•51PERSPMC CCFPWFSFOP CiSCAf'f- 
^A.SA TF4^SLATJ^^ C#SCAOg 


inr.AL rASCAPF FX!T PFFFrHMAKCt 



V 

6M? 

66 1 y,? 

6 M y , 7 

Pt)2 

P)2 

PT)2/P7)1 

0fcTA)2 

FkHCT 

! F V 

t l,W6. 

61? 

P)2/P) 1 

V)2 

P'i)n 

pfjr 

PTJO.A 


PI) vp 

P)TP 

p)pp 

P)KP 

P)SP 

Hi T A ) P 

PT5 1 

n)i 

i 

3.2KJ 

1 .2F6 

.718 

.571 

1 4,479 

9,893 

,529 

53.602 

i 

6.a3? 

4.asF 


1,777 

1228, 333 

19.573 

19,533 

15,683 

i 



7,«57 

7.719 

7.453 

• , 6 Hi 

15,993 

994.072 

i 

3,3?F 

1 .laa 

.947 

.560 

J4.914 

9,379 

.530 

96.244 

! s.F' 

R. J 

J *6P6 

.'4J9 

1 . 1 ?P 

1152.418 

1.9.573 

19,961 

16,592 

i 

I 

1 4 . f a? 

6.331 

7.50} 

7.6f? 

9.27B 

1 .574 

15,992 

693.140 


3. 4?Q 

1.1. '3 

.907 

,53-4 

1 4.940 

9,529 

.063 

97.044 

1 IF*? 1 

n^.7^‘4 

,7 0^ 

.614 

1.269 

1141.012 

19.573 

16.937 

1 9.898 

i 

1 4. HP? 

6,571 


6.9 4? 

0.703 

3.57 4 

16.. >^*^8 

9':3.453 

! 

3*f2^ 

1.136 

,977 

.562 

19.7^9 

9.720 

,567 

97. 793 

jlS.Fl 

)F.7Fa 

. 1«7 

.'’1,6 

1.225 

1 177,440 

15, 973 

1S.64Q 

15.991 

i 

lh.fM7 

6.746 

9.159 

P . 4 7 3 

0.909 

3,4 03 

19,591 

Sfl4,520 

1 

3. 6? 7 

.583 

.973 

.762 

14.547 

0.320 

,997 

93.774 

I2F.F1 

fi.F2 4 

4.B66 

.7 15 

1 .522 

1711,914 

19.573 

19.939 

19.599 

1 

14,044 

5,7 57 

5,375 

5,121 

9.37S 

<^1.159 

19,959 

.992.073 

1 

3.7?6 

.54i? 

.943 

.772 

14,607 

0.2 93 

.543 

94,917 

1 

7 .HfW 

3.73V 

,715 

1.817 

1«'?3,024 

19.973 

19.543 

15,990 

1 

14.676 

5.171 

5,775 

9,534 

5, 3^*4 

.9 47 

19.990 

.0.93.45 3 

i 

a.Hpf? 

1.751 

,97 3 

,575 

18.727 

7.175 

,50 4 

96,425 

Q,37« 

1.911 

. 7 1 « 

I .25 5 

1 131.577 

15.97:5 

19.549 

15.597 

1 

J6.F'*'1 

K.547 

4,994 

8,614 

5 ,7Q« 

2.195 

19.967 

553.140 
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3UP?H$>nMC CCf'PJ^I'SSOfr CASCJkfM; 
I-.A5A 1HA*^SU11f >^ riSrAnp 


ir’CAL CASCA0I- (•KIT PFP^FC HMAK'Cf- 



¥ 

PM? 

PN) K,? 

v,p 

PTT? 

PV? 

PTIP/FTI 1 

HfeTAl? 

FfekCT 

f>ev 

TtiPN 

PI? 

P3P/P1 1 

V)P 

Piin 

PTU 

Pllf , A 

! 

,1 

PTi yp 

PITP 

PIftP 

PIKP 

PlSP 

HFT41P 

PT) 1 

TT31 


i,^'7A 

1. Iftf* 

.Pl« 


1S.'47 7 

ft.fft? 

.Sftft 

*7.433 

35.f^P 

IA.3R3 

.ftp 7 

.PIP 

l.?l? 

1 i^P.pftg 

ib.S73 

15.547 

Ift.ftfP 


1 5 . 1 

ft ,F.ft? 


«.Pfg 

ft, 733 

3.lft3 

15,ftr-P 

ftft4,g?a 


A,V9A 

1 ,1‘H 

.R?P 

1.17 11 

Ift.Plh 

ft.?73 

.Cft4 

ft’B.lPS 

A\f ,p9 

] 7 


.?!« 

1 .I4g 

l?l P.hPP 

lft,S73 

15, 54ft 

Ift.ftftP 


1 4 .q «'Q 

H.1P4 

7.ftl? 

7.RS4 

«,37m 

S.Hftft 

1. ft. ft ftp 

ftft4,ft7? 


.1 . 1 '->9 

1 .?p7 


1.733 

1 4 , -ft ft ft 

5.«Q? 

,P43 

ftft,ft43 


1 1 .7^.3 

• , 4 P ^ 

.'*17 

1 

1??6. IftB 

5. ft. ft 73 

Ift.ftftP 

iS.ftfte 


1 4 . b '1 ft 

P , P 4 4 

7.?lft 

7.4F4 

H.P41 

4. .173 

1 .;.ftftft 

ftftA.ftpft 

i 

4.?>1 

,PH4 

.44ft 

,7hb 

11 .S?ft 

ft.9?ft 

,74? 

S9.S41 

fe i' ,v'.^ 

1 P . P Q 1 

-P.PP) 

. '* 1 ft 

1 .aftF 

Q4<9.?ftft 

15.573 

iS.ftftl 

15,557 


1 ’ 

7,7 17 

7.l»gp 

7 . If 4 

7.4ftft 

ft.ftTl 

lft,ftft7 

5*4,163 



,^n 

.ftp/ 

.7 43 

1 l.3?3 

ft . ft t ? 

,7P7 

54.639 

tfe.FA 

7 , “Ki* 

3 . ip 1 

.Pi 4 

l.PPF 

S73.7H3 

lft«573 

Ig.Sftft 

iS.ftftft 

; 

1 1 .IP? 


7.1P7 

7. '.'3 ft 

7.P«g 

.359 

is.ftftft 

.554.1^3 


A. 4 \9 

l.PFP 

.75 4 

1 .7 4? 

1 4.*H37 

*.4ft5 

.5ft.i 

*4,?$? 

\i'V 

7,v/p 

3 , M 4 h 

. 'f 1 


3 PM. 771 

1. ft. 5 7.1 

lft,ft4P 

Ift.ftftl 




7. t?h 

7 . ? bb 

7 , 1 

-.17ft 

vb.ftfti 

554, ft? S 


4 . ft 1 P 

1 .7t f. 

.7P? 

1 .PS? 

lb, tftft 

.ft.3P4 

,S7? 

ftft.ftpft 


a. 47P 

1.41? 

.PlP 

.SPf' 

1 -^P^.pft^j 

15.573 

1 ft , ft 4 1 

Ift.ftft? 


\A.7<=if' 

; . ? 4»- 

^.PP? 

7.PPP 

/.Pftc, 

?.'<ftR 

I5,ftft7 

553,83l« 
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Sb^KRSOMC CASCACf 

hA.SA tl^AKStATirn CASCAH^ 


Lf;CA|. fASCACfe ivn f'et'Ft R^*A>Cf- 



V 

66 )? 

8 6<)X,2 

66 ) V,? 

Ft)? 

P)? 

PT)?/PT) 1 

P6TA)? 

PfcRC f 

( 1-V 

TfbRR 

P)2 

P)?/P) 1 

V)? 

Pt)0 

Pt)f 

PT)r, A 


pi ) YP 

P) TP 

P)BP 

P)6P 

F ) SP 

HFTA)P 

P7) 1 

1T)1 


4.617 

1 . ? 1 ? 

,7?h i 

) . J P7 

IS, 177 

5.3R? 

.«7 4 

67,495 


J V*! . 4 4 5 

,446 

,mi7 

,984 

!3F6,673 

15,573 

15.536 

16.565 


14,817 

7,?3S 

6,733 

7,737 

7,167 

3,g?5 

15,655 

554, 1P3 


7 5 , 4 

4.71fc 

17.671 

14.7/5 

1.345 
. ? 1 0 
7.157 

.710 
.<^17 
5, 57 1 

1.33P 

.943 

6,?6P 

1 6,a33 
1 331 ,l'4? 
6.685 

6,16? 
IS. 673 
3.451 

,.07 8 
15.636 
16.666 

67.721 
16.666 
663. $38 

87,7 4 

4 . J 15 
P.6P9 

H.7 59 

1 . <35 
1 , 3n 1 
7.134 

.735 
.717 
B , 7 7 1 

1.116 

.063 

5.71P 

18.178 

13?4.pic*3 

5.985 

6.?14 

16,673 

?.3P9 

.9 76 
16,649 
U ,661 

P5.679 

16.651 

153.83') 

P5.75 

4 . C 1 4 

5.PP3 
1 4,7‘'7 

1 ,?P? 
4.557 
7.1P3 

.773 

.PIP 

7,370 

1.736 
1,773 
7. V?7 

1 a.B4P 
1P91.185 
7.765 

6.4RQ 
16,673 
-.9 97 

.956 

16.648 

16,651 

63.?73 

16,651 

853,838 

P . 7 5 

6 . n 3 
3.007 
14.PP5 

1.131 

5 , 07 c 

5.143 

.7 11 
,7?P 
8.715 

.879 
1 .??4 
5 . 6 1 5 

1 4 .$56 
1154,81? 

6.447 

6.597 

16.573 

- 3.537 

.966 

16,64$ 

16,661 

51,74? 

16,651 

654,628 

<^5.75 

5.11? 
f . . 0 0 
1 4 . pot, 

1 ,15 4 
3,07 1 
5 . .‘ 7 ^ 

.BP5 

,*71?!* 
1 ? 1 

.955 
1 .163 
7.959 

14.987 
1 ? P 7 . 8 1 6 
fi.?38 

6.317 

16,573 

- .23 1 

,962 

16.666 

16,S69 

64,239 

15.659 

864,87? 

1 7 V* , 7 5 

5 . ? 1 1 
7,450 
1 5 . r 7 H 

1 , ?4^ 
3.431 
7.7 1? 

,7?3 

. w 5 V) 

7 . =i 5 

1,714 

1.784 

7,574 

15,?67 
1?*<6.P3? 
7 , 8 3 n 

6.931 

15,573 

.539 

,9 87 
16,646 
16.667 

54.629 1 
16.6571 

553.493 ] 


1 
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l'7/s*7/{'f 


PAGF IF 


SUPfe’RSf'NJC CCFPPFSFrH CASCACF 
».ASA tKAKSlATlf'N CASCADE 


LCCAL (ASCAPF fcVIT FEEFCPmakCF 



V 

Fh 3 p 

p “n y » ? 

KK) Y,P 

FT)? 

PT? 

Pn?7P3 3 1 

BET A3 P 

PbKfT 

1 F V 

u-in. 

M3? 

F1P/P3 1 

V)P 

Pt) r 

PT)r 

PT3D, A 


P 1 3 V H 

P) TP 

P3WP 

PUP 

P)SP 

t)ET A3P 

PT) 1 

TT51 


D . 3 U* 

1 •PJ'f' 

.747 

1 , 7 « p 

1 . 1 A 4 

s.t ?1 

.97 6 

53.49? 


h . A /3 ? 

4 , 4 4 h 

. W 1 ^ 

1.5-64 

J ?Pk3.64 4 

15.573 

15.5 4'..< 

15.566 


1 4 ^<J7Ai 

7.4HF 

7 ,<S?4 

7.4 36 

7.6Q7 

-.77S 

16.566 

554.6PP 


!> . >1 P 

1 .57P 

• 7 3H 

1.|?36 

IS.lf^S 

5.669 

,97 7 

54.565 

1 1 V* . t' 

7 .E ft 

3.3>^? 

.«jy 

t .''36 

I?7«,i4ft6 

15.573 

15,536 

'15.555 


1 4 . P ) 

7 . 

7.33? 

7.33P 

7,643 

,?PR 

16.656 

554,1 P3 


1 1 

7 . *' •■ ■•' 

U' . ) ‘-'r 

J '4 . P <■ V* 

1 . ^33 
.71 P 

7.156 

.7P5 

.'M6 

1 . l?1 

,96? 

6.9P4 

1 5.P6? 
13P1.457 
7,3 07 

5.264 

15.573 

P.96? 

.979 

1 6,6 47 

57.P32 
16.66 7 
6 a . 1 4 p 

i ?7 .£>7 

a,h 7 
3 . ? 1 4 
14.749 

1 .PH9 
7.P7f> 
6.P 

.«?4 

, n9 
7.567 

.991 
1 . 1' 7 6 

7.177 

15.4»39 
1 P89 . 1P6 
7,a5rt 

6.516 

15.673 

-4.7PS6 

.966 
1 5.5?6 
15.65m 

57.P6 4 
15.667 
554.163 

1 ? 5 . 7 7 

6.7if 
6. 1?9 

1 4 , 4 P H 

1 .?,5P 
4 . 7 {' 1 
7*599 

.753 
.«P 
7.39 5 

1 ,?P5 
1.<?25 
7.P66 

1 4,669 
1P63.7SP 
7,4'3H 

5.6P3 

15.673 

-1.791 

.94? 

15,545 

16.559 

53,179 
15.559 
554. 5? R 

3 7 V' . ; 

5 . B''h 
5.3‘-7 

14.631 

1 .P.f"*- 

6,5i-3 
7 . IPP 

.774 

.'^19 

7.46h 

1 .PPB 
1 ,P?3 
7, t 13 

14,569 
1P7 4.3P.6 
7 . 4 7 B 

5.59R 

15.573 

-1.833 

16,553 

15.563 

52.4?7 

15,563 

555,562 

1 3 5 . 7 n 

5 » 4 

7 ''7 

M , 1 

!.?•<. 
3, ■•33 
/ . • '• 1 

.7hn 
. M9 
7 , ■)' 9 6 

1 .’7 4? 

.995 

7.7-39 

11,334 

1267.116 

7.366 

5.461 

15.673 

-.163 

,963 

15,56'A 

15.66? 

5 4.P6 7 
15.56? 
554,5?6 
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-. 1 ' 

SUt=^6RS0MC ec'^liRtSSPf* CA5C*re 
l«ASA TR*»^»w»fTlOK CTiSCADg 


LOCAL CASCADf- f-KlT PKKFCHMANCf 



Y 

f' M 2 


PK) V,? 

PT)? 

P12 

PT)2/Pni 

HttAl? 

Pl-kCl 

n^y 

TUP IV 

M12 

P)?/?! 1 

VT? 

PT)0 

PTir 

PTie.A 


P”I ) YP 

P) TP 

piap 

PTKP 

FISP 

PETAIP 

PTM 

Tin 




,723 

,9PP 

13.S36 

5.364 

,669 

54.7P9 



3 . LM 1 

. 0 1 a 

.9P7 

!?44,?pg 

15.573 

15,543 

15.558 


13.v'«? 

^'*'314 

ft , qgH 

6.7P3 

7.133 

-.241 



15,556 

563.638 


0.1'-'? 

3.33? 

,7 PC-1 

1.795 

M.U 3 

5.134 

,96 4 

i 

65,268 

1 ,l> H 

B.?l? 

?.'^74 

.-717 

.935 

13? 1.751 

15,573 

15,64? 

15.557 


1 <3 . d n (S 

^.7^L 

8,577 

6,7 IT* 

7.7P? 

.9 92 

15.567 

552.573 


h . ? • 1 

3 . 'M 4 

,5?1 

. P ? 4 

11,746 

5,735 

.779 

54.342 

1 ^ 1 , 7 

'/,? >? 

3.3 9H 

,«-nn 

1 .745 

1<^65. 647 

15,573 

15.645 

15.659 


3 1 . « '3 J 

P.7 M 

5.7?? 

6.379 

6.79? 

.772 

16.559 

‘^55,662 



1 , 3 3 P 

,7?5 

.571 

1 1,7971 

5.262 

.7 57 

57.750 

1 f ^ , 7 a 

.1. / 

7. 

,7 In 

,96P 

1 168.317 

15.573 

16,544 

15.558 


n ,7^J> 

8 . 4 Po 

7.mP3 , 

6,491 . 

6,671 

•4, 16M 

15,556 

654.528 


p . 3 1. 0 

1.33? 

.519 

' ' 1 ' " " 

1.7P1 

14,761 

5.797 

,946 

■ 

52.757 

U 7. . 7 Si 

P . E'* 7 7 

P . H H 3 

. 1 5 

,93? 

13? 1,1 67 

15.573 

15.546 

15.660 


3 d . p ^ p 

P.d73 

8,rt77 

6.7S6 

6.797 

-?.213 

16,567 

554,5?8' 



3 .3h? 

.531 

1.779 

15.191 

5.736 

1 . ' 

.975 

‘ ' 52.377 

If-f 

b.;‘7 7 

5,5 1 > 3 

.7 19 

.«?7 

134?, 639 

15.673 

15,639 

16.556 



h , 4 5 

5.5li^ 

6.«?S 

6,67? 

-1.893 

15.556; 

5 5 4. P 7 2. 


r , p 4 7 

1.371 

,W?. 

1 .31? 

15.147 

4,957 

.973 

54.192^ 

3 ; i* . 7 w 

7.3 4? 

3.7 4S 

.-’l l H 

.975 

1349.246 

15.573 

16.653 

I5.5f3- 


1 4,H tL 

f .Pan 

P.ftB-d 

6.544 

6.672 

-.7 76 

16,663 

553.453 






IP 


CP»'PMg3PC»^ CASCftlE 
MA«!A TPAKSlATTi^N CAStAOF 


LOCAL CASCADE EXIT PFAF(«mahC€ 



V 

MO? 

P 'O y , ? 

HM V,? 

Pt)P 

P)2 

PTU/PTH 

PET A)2 

Fct^C ' 

I‘E V 

1 URN 

M)? 

P)?/F1 1 

V)? 

PTia 

PT)r 

PT)n, A 


PT1 vp 

F) TP 

PTtJP 

PUP 

PUP 

BET AT P 

FTVT 

TTT 1 



h , C p 


.BP4 

1,133 

1 ? 1 ? 

A, 8*^1 

.977 

S4.648 

r/s .to 




.BPfi 

136?,4?1 

IS. 5 73 

1S.S4P 

iS.SSfi 


1 4.f U 

r , 4 H J 

0. 4)v>. 

6,41 fe 

6,‘57M 

.37« 

t6,SS6 

5S4,S?P 


, 1 *:• 

0.7R6 
7.'-?? 
1 4 

U39‘> 

3 .'OH 

f 

,PtP 

6 ,311 

1.144 

,P7S 

6.3P1 

U,??i3 
1369. IPS 
S.Smi 

4.;pft 

1S.S73 

.61?? 

.97 R 
1S.S37 
IS, 556 

54,672 

16.555 

653.443 

. 1 *' 

h , H 4 4 

7,74'' 

14.664 

1 , 4 IM 
3.tb'^ 

f ,:»rt4 

,HOH 

.1'IH 

F.?R7 

1 .144 

.P7? 

6.33? 

1 S. IP? 
I37i'i, 1 n? 
« . 4R(A 

4,769 

U.E73 

.s?o 

.976 

16.63P 

15.566 

* 4 . 7 ? 7 
15.556 
5«4.5?8 



6.9‘/3 

1 .•*7'' 

.331 

1 , 1 (' 7 

1 6,77 (A 

4.883 

,95P 

62.915 

1 »- . 1 1 

S , 

, .? ? 6 

. / 1 R 

,6P? 

1 364. 3?P 

15,573 

15.646 

K5.65P 


1 4 . h 1 P 

fv, 4"3 

6.663 

6.461 

6,467 

-1,3:55 

16,569 

554. 5?e 



7 .t 0? 

1 . ? 8 ? 

,706 

1,774 

14,786 

5.478 

.9 49 

61.676 
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APPENDIX B 


Sample of Time Variant Aerodynamics Computer Print Out 
Refer to Section VII for item identification and explanation of meanings. 
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APPENDIX C 


Cascade Time Variant Data/Theory Correlation Plots 

( 3 ) 

The data is correlated against the DDA variable amplitude analysis . The 
pressure surface data is plotted as a solid symbol and the corresponding theory 
is plotted as a solid line. The suction surface data is plotted as an open 
symbol and the corresponding theory as a dashed line. 
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